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+HDG WUDXPD FDQ EH FDXVHG E\ YDULRXV VLWXDWLRQV EHLQJ




EUDLQ LQMXU\ 7%, JHQHUDWHG ZDV D UHVXOW RI VHYHUDO
FLUFXPVWDQFHV VXFK DV IDOOV PRWRU YHKLFOHUHODWHG LQMXULHV
VWULNHRUEORZWRWKHKHDGIURPRUDJDLQVWDQREMHFWDVVDXOWV
EODVWLQGXFHG LQMXULHV DQG RWKHU XQNQRZQ FDXVHV >@ 7KLV
UHSUHVHQWVDPDMRUSXEOLFKHDOWKFRQFHUQLQVHYHUDOFRXQWULHV
DURXQGWKHZRUOGDVDSULPDU\EUDLQLQMXU\RUDVDVHFRQGDU\
V\VWHPLF VRXUFH RI VHFRQGDU\ EUDLQ LQMXULHV >@ ,Q OLJKW RI
WKHVHIDFWVZHLQLWLDWHGWKHGHYHORSPHQWRIDYLUWXDOSODWIRUP
RI WKH KXPDQ FUDQLXP 93+& WR VWXG\ WKHVH NLQGV RI
WUDXPDV7KLVSODWIRUPKDVWKHREMHFWLYHRIEHLQJRSHQWRWKH
JHQHUDO SXEOLF DQG IRU WKDW IROORZHG D VSHFLILF SDWLHQW
PRGHOLQJ630VXSSRUWHGE\WKH%LR&$'SURWRFRO
7KH WUDXPD VLPXODWLRQ PDGH IRU WKLV VWXG\ LQWHQGHG WR
VLPXODWH WKHEORZRXW IUDFWXUH LQ WKH IRUPRIDQLQIUDRUELWDO
IUDFWXUH,WZDVFKRVHQDQRQ7%,EHFDXVHLWLVDVLPSOHUFDVH
WRDGGUHVVLQWKLVGHYHORSPHQWVWDJHRIWKH93+&6RLWZDV
XVHG WZR VWXGLHV IURP WKH OLWHUDWXUH DV JXLGHV IRU WKH
LQWHUSUHWDWLRQ RI WKH VLPXODWLRQ UHVXOWV DV ZHOO DV IRU
YDOLGDWLRQSXUSRVHV
2. Materials and methods 
,Q WKH OLWHUDWXUH VHYHUDOPRGHOV RI WKH KXPDQKHDGZHUH
PDGHDQGDUHXVHG WR VLPXODWH LQMXULHV WR LWEXWWKH\FRQWDLQ
VHYHUDO IODZV WKDW FDQ SURYH WR LQFXU LQ PLVOHDGLQJ UHVXOWV
>@ 7KHVH IODZV FRQILJXUH EDG UHSUHVHQWDWLRQV RI WKH
KXPDQKHDGUHVHPEOLQJDFUDVKWHVWGXPP\)LJFGSRRU
TXDOLW\PHVKHV )LJDRUPHVKHV WKDWDUH WRRUHILQHG )LJ
E$VD FRQVHTXHQFH WKHUH FRXOG EH DQ LQDFFXUDWH HQHUJ\
GLVWULEXWLRQRQWKHPRGHOZKHQLQDVLPXODWLRQODFNRIGHWDLO
OHDGLQJ WR LQFRUUHFW UHVXOWV DQG D GLIILFXOW\ LQ SURFHVVLQJ D
PRGHOZLWK H[FHVV RI GDWD )LJ  SUHVHQWV H[DPSOHV RI WKLV
NLQGRIPRGHOV

© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientifi c committee of The Second CIRP Conference on Biomanufacturing












%HLQJ WKH KHDG RQH RI WKH PRVW VLJQLILFDQW DUHDV RI WKH
KXPDQERG\LWKDVDQLQWULQVLFFRPSOH[LW\,Q)LJLWFDQEH
REVHUYHGVHYHUDOOD\HUVWKDWFRPSRVHWKHKHDGVXFKDVVNXOO
GXUD PDWHU VXEGXUDO VSDFH DUDFKQRLG VXEDUDFKQRLG VSDFH
SLD PDWHU DQG WKH EUDLQ )RU WKH LQLWLDO GHYHORSPHQW RI WKH
93+&LWZDVGHFLGHGWKDWLWZRXOGEHVLPSOLILHGWRWKHVNXOO
7KH LQVHUWLRQ RI D YROXPH WR VLPXODWH WKH EUDLQPDVV RWKHU
FRPSRQHQWV RI WKH KHDG DV IRU LQVWDQFH WKH EUDLQ VWHP RU
FHUHEHOOXPVHSDUDWHGE\WKHPHQLQJHVDQGFHUHEURVSLQDOIOXLG
ZHUHOHIWIRUDSRVWHULRUSKDVHRIWKHSURMHFW>@
7KH GHYHORSPHQW RI WKH 93+& IROORZHG D 630 ORJLF
XVLQJ WKH %LR&$' SURWRFRO >@ 7KLV SURWRFRO ZDV
GHYHORSHG LQ WKH 'LYLVLRQ RI 7KUHH'LPHQVLRQDO
7HFKQRORJLHV '7' LQ WKH &HQWUH IRU ,QIRUPDWLRQ
7HFKQRORJ\5HQDWR$UFKHU &7, DQG FRPSULVHV D VHTXHQFH
RI WDVNV WKDWZDV IROORZHG LQ WKH FRQVWUXFWLRQ RI WKH93+&
)LUVWDFRPSXWHG WRPRJUDSK\ &7VFDQZDV ORDGHG LQWR WKH
,Q9HVDOLXV VRIWZDUHZKLFKZDV FUHDWHG LQ'7' LQ RUGHU
WR FOHDQ LW IURPQRLVHDQG LPSHUIHFWLRQV$IWHU WKLV WDVNZDV
GRQH LW ZDV JHQHUDWHG D VWHUHR OLWKRJUDSK\ 67/ PHVK WR
H[SRUW WR WKH FRPSXWHU DLGHG GHVLJQ &$' VRIWZDUH 2QFH
LQVLGH WKH 5KLQRFHURV &$' VRIWZDUH WKH 67/ PHVK ZDV
XVHGDVDJXLGHOLQHWRFRQVWUXFWWKH93+&VLQFHWKLVVRIWZDUH
KDV WKH DELOLW\ WR FRPELQH VXUIDFH PRGHOLQJ ZLWK FRPSOH[
JHRPHWULHV7KH GHWDLO LQWHQGHG IRU WKLVPRGHOZDV EDVHG RQ
DQ DQDWRPLFDO VWXG\ RI WKH KXPDQ KHDG DQG WKH OHYHO RI






:LWK WKH PRGHOLQJ FRPSOHWH DQG RSWLPL]HG D JHRPHWU\
ILOH ZDV H[SRUWHG WR WKH ILQLWH HOHPHQW DQDO\VLV )($
VRIWZDUH+\SHUPHVK2QFH WKHUHD ILQLWH HOHPHQWPHWKRG
)(0 PHVK ZDV FUHDWHG RSWLPL]HG DQG VLPXODWHG ZLWK
SRVWHULRUUHVXOWVGLVFXVVLRQ>@
7KHW\SHVRILQMXULHVLQWHQGHGWREHVWXGLHGZLWKWKH93+&
ZHUH WUDXPD LQMXULHV GHVLJQDWHG DV EORZRXW IUDFWXUHV LQ
LQIUDRUELWDO WUDXPD 7KHVH LQMXULHV DIIHFW PDLQO\ WKH IORRU
DQGRURUELWDOPHGLDOZDOOZLWKDSK\VLRSDWKRORJ\WKDWFDQEH
H[SODLQHG E\ WKUHH WKHRULHV 7KH ILUVW RQH WKH K\GUDXOLF
WKHRU\ FRQVLVWV LQ D IRUFH UHFHLYHG WKURXJK WKH H\HEDOO WKDW
ZLOOWUDQVPLWDSUHVVXUHWRWKHPHGLDOZDOOZKLOHWKHHGJHVRI
WKH H\H VRFNHW VWD\ LQWDFW 7KH VHFRQG WKHRU\ UHIHUV WR WKH
EXFNOLQJ PHFKDQLVP ZKLFK LV WKH GLUHFW LPSDFW RI D EOXQW
IRUFHWRWKHHGJHRIWKHH\HVRFNHWOHDGLQJWRWKHIUDFWXUHRI




ZLWK WKH PHFKDQLVPV KDSSHQLQJ DW WKH VDPH WLPH DQG
LQWHUDFWLQJEHWZHHQWKHP
7KHUHDUHVHYHUDOVWXGLHVLQWKHOLWHUDWXUHXVLQJFRUSVHVDQG
FRPSXWDWLRQDO WRROV ZKLFK FDQ EH XVHG DV JXLGHOLQHV WR RXU
WHVWV )RU H[DPSOH RQH RI WKHVH VWXGLHV XVHGZHOO SUHVHUYHG
FRUSVHV WR VWXG\ K\GUDXOLF DQG EXFNOLQJ PHFKDQLVPV LQ
EORZRXWIUDFWXUHV,QRUGHUWRDFKLHYHWKDWLWZDVPDGHLQWUD
RFXODU PHDVXUHPHQWV RI YDULDEOHV IRUFHV GLVWULEXWLRQ DQG
ERQH VWUHVV 7KH FRQFOXVLRQ ZDV WKDW ERWK PHFKDQLVPV
SURGXFHEORZRXWIUDFWXUHVZLWKGLIIHUHQWFKDUDFWHULVWLFV>@





FRQVHTXHQWO\ DFNQRZOHGJH WKH ERQHV WKDW IUDFWXUHG 7KH
UHVXOW REVHUYHG ZDV WKDW WKH IRUFH ZLWK WKH  DQJOH
RULJLQDWHGDEORZRXWIUDFWXUHZLWKDODUJHUDUHD>@
3. Discussion 
7KURXJK WKH GHYHORSPHQW RI WKH93+& WKHUH KDV EHHQ D
QHHG WRRYHUFRPHREVWDFOHV UHJDUGLQJWR WKHDQDWRP\RI WKH
KXPDQKHDG)RU LQVWDQFHFHUWDLQDUHDVRI WKHFUDQLXPZHUH
D E F G
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RYHUFRPH$GGLQJ WR WKLVZDV WKH IDFW WKDW ZKHQ JHQHUDWLQJ
WKH 'PHVK WKHUHZHUH GLVWRUWHG HOHPHQWV7KLV IRUFHG WKH
WUHDWPHQW DQG RSWLPL]DWLRQ RI WKH PHVK WR IDFLOLWDWH WKH '
PHVK JHQHUDWLRQ $V D FRQVHTXHQFH LW UHTXLUHG D FRQVWDQW
WXQLQJRIWKHZRUNVWUDWHJ\
$VPHQWLRQHGLQPDWHULDOVDQGPHWKRGVWKHUHDUHWKHRULHV
WKDW VXJJHVW WKHDSSOLFDWLRQRI IRUFHVZLWKVHYHUDOGHJUHHVRI
LQFOLQDWLRQDQG6LQFHWKLVVWXG\ZDVFRQGXFWHGLQ
DFUDQLXPPHDQLQJWKDW WKHPDWHULDO LQZKLFK WKH IRUFHZDV
DSSOLHGZDV ERQH LW GLGQ¶WPDNH VHQVH DSSO\LQJDQ DQJOH WR
WKH IRUFHEHFDXVH WKH IULFWLRQFRHIILFLHQWRI ULJLGPDWHULDOVLV
WRR ORZ 7KHUHIRUH WKH IRUFH DSSOLFDWLRQ LV DOPRVW HQWLUHO\
SHUSHQGLFXODU WR WKH ERQH FDQFHOLQJ WKH QHHG IRU VHYHUDO
VLPXODWLRQVZLWKYDULRXVLQFOLQDWLRQV
4. Simulation and results 
7KHFXUUHQWVWDWHRIGHYHORSPHQWRIWKH93+&UHSUHVHQWVD
FUDQLXPVWUXFWXUHZLWKWKHH[WHULRUDQGLQWHULRUFRUWLFDOERQH
)RU WKLV VLPXODWLRQ LW ZDV DGGHG D SURMHFWLOH ZLWK WKH
LQWHQWLRQ RI VLPXODWLQJ DQ LPSDFW VLWXDWLRQ IRU WKH EORZRXW
IUDFWXUH
7KH JHRPHWULHV ZHUH H[SRUWHG IURP 5KLQRFHURV WR
+\SHUPHVKLQWKH,*(6LJVIRUPDW2QFHLQVLGHWKH)($
VRIWZDUH D ' WULDQJXODU VXUIDFHPHVKZDV FUHDWHG ZLWK DQ
DYHUDJH HOHPHQW VL]H RI  PP )URP WKLV ' PHVK ZDV








,W ZDV FUHDWHG WZR W\SHV RIPDWHULDOV IRU WKLV VLPXODWLRQ
7KH PDWHULDO IRU WKH FRUWLFDO ERQH LV OLQHDU LVRWURSLF ZLWK D
<RXQJ¶V 0RGXORV RI  03D D 3RLVVRQ &RHIILFLHQW RI
 DQG D 'HQVLW\ RI H NJPP )RU WKH SURMHFWLOH WKH
PDWHULDOLVDVWHHOZLWKD<RXQJ¶V0RGXORVRI03DD
3RLVVRQ&RHIILFLHQWRIDQGD'HQVLW\RIHNJPP
7KHVH YDOXHV ZHUH IRXQG LQ SXEOLFDWLRQV UHJDUGLQJ FRUWLFDO
ERQHDQGVWHHOSURSHUWLHV>@
+DYLQJ WKH LQWHQW RI WKLV VWXG\ LQWR FRQVLGHUDWLRQ WKH
SURMHFWLOH ZDV FRQILJXUHG WR KDYH DQ LQLWLDO YHORFLW\ RI 








GLVWULEXWLRQ LQ WKH JHRPHWU\ RI WKH FUDQLXP WKH YDOXH RI WKH
LQLWLDOYHORFLW\GRHVQRWKDYHDQ\FOLQLFDOVLJQLILFDQFH
$IL[HGVXSSRUWZDVSODFHG LQ WKH IRUDPHQPDJQXPDVD
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6R WKDW WKHWZRERGLHVKDGDQLPSDFWLWZDVQHFHVVDU\ WR
FRQILJXUH DQ LQWHUDFWLRQ EHWZHHQ WKHP 7KHUHIRUH LW ZDV
FKRVHQWKHJHQHULFW\SHRIFRQWDFWIRUWKLVNLQGRIVLWXDWLRQLQ











DSSHDUHGLQDUHDV LQZKLFK WKHERQH LV OHVV WKLFNDVLGH IURP
WKHHGJHRIWKHH\HVRFNHW2EVHUYLQJWKHUHVXOWVRQHFDQVD\
WKDWWKHVWUHVVGLVWULEXWLRQLVLQOLQHZLWKWKHOLWHUDWXUHKDYLQJ
SRLQWVRIKLJK WHQVLRQ LQ HGJHRI WKHH\HVRFNHW WKH IORRURI
WKH H\H FDYLW\ WKH LQIUD RUELWDO FDQDO DQG WKH PHGLDO ZDOO
>@
$ UHJDUG PXVW EH PDGH WR WKH FRORU VFDOH EHFDXVH WKH





UHYHDOV WKDW LW EHKDYHG LQ OLQH ZLWK D EORZRXW IUDFWXUH
VLWXDWLRQ 7KH YDOLGDWLRQ RI RXU PRGHO LQ WKLV VLWXDWLRQ
UHLQIRUFHV WKH IDFW WKDWPRGHOVZLWKSRRUPHVKGHWDLO H[FHVV
RIPHVKGHWDLODQGUHGXFHGDQDWRPLFDOUHSUHVHQWDWLRQJHQHUDWH
OHVV FRUUHFW UHVXOWV +RZHYHU WKH PRGHO QHHGV IXUWKHU
GHYHORSPHQW DQG PRUH VLPXODWLRQV QHHG WR EH PDGH WKH
UHVXOWVDFKLHYHGDUHDQH[WVWHSLQLWVGHYHORSPHQW
7KHXVHRI WKH%LR&$'SURWRFRO LQ WKH93+&LVRIJUHDW
LPSRUWDQFHIRUWKHDFKLHYHPHQWRIJRRGUHVXOWV)RULQVWDQFH
DFRQWULEXWLRQIRUWKLVZDVWKHFRPELQDWLRQRIWKHPRGHOLQJRI
FRPSOH[ DQDWRPLFDO JHRPHWULHVZLWK WKH UHILQHPHQW RI DUHDV
RI LQWHUHVW 1RQHWKHOHVV WKHVH UHVXOWV GR QRW KDYH D FOLQLFDO
SXUSRVH LQVWHDG WKH\ FRQILUP WKDW WKH 93+& LV EHLQJ





VWXG\ SUHYHQWLRQ DQG WUHDWPHQW RI WUDXPDV EHLQJ WKHP
VLPSOHRU7%,
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